Introduction
There are different physical requirements for capsids of single and double-stranded nucleic acid spherical viruses. To assemble any capsid, individual subunit-subunit interactions must be relatively weak to avoid kinetically trapping defects or intermediates (Endres and Zlotnick, 2002; Katen et al., 2010) . However, one might expect that double-stranded DNA (dsDNA) viruses are more robust. Most viruses that package dsDNA genomes first assemble an empty capsid and then pump in genomic dsDNA through a specific portal (Hendrix and Garcea, 1994; Smith et al., 2001) . Viruses that have dsDNA pumped into their capsids post-assembly must withstand substantial internal forces or pressures that these may amount to tens of atmospheres (Evilevitch et al., 2003; Grayson et al., 2006; Purohit et al., 2003) , though it has been suggested that dehydration of the DNA may attenuate them (Panja and Molineux, 2010) ; most of these viruses are stabilized by extensive post-assembly conformational transitions (Aebi et al., 1974; Conway et al., 2001; Fane and Prevelige, 2003; Hendrix and Garcea, 1994; Ross et al., 2006) . Exceptionally, SV40, a polyomavirus that normally packages dsDNA compacted by histones, can assemble normal 45 nm capsids on a naked dsDNA substrate (Kimchi-Sarfaty et al., 2002; Mukherjee et al., 2010) . Conversely, many viruses that assemble on single-stranded nucleic acid (ssRNA and ssDNA) are actually stabilized by protein-nucleic acid interactions (Bancroft, 1970; Elrad and Hagan, 2010; Johnson et al., 2004) . In at least some RNA viruses, the genome prefers a compact fold that is further conducive to assembly (Kuznetsov et al., 2005; Yoffe et al., 2008) .
Hepadnaviridae and Spumaviridae both initially package ssRNA pregenomes (a very flexible substrate) and reverse transcribe it to dsDNA within the virion. Thus, for viruses like HBV the physical properties of the nucleic acid change during the virus lifecycle and can affect virus stability. dsDNA is a much stiffer polymer than ssRNA. The flexibility of a filamentous polymer is often described in terms of persistence length (L p ), which is related to the size in solution of a polymer of contour length L by /h 2 S ¼ 2L 2 p ½ðL=L p ÞÀ1 þ expðÀL=L p Þ where h is the distance between the ends of the polymer (Grosberg et al., 1994) . A polymer much longer than its L p (e.g. 5L p ) behaves like a flexible chain with no correlation between the directions of its ends. A polymer whose length is much shorter than L p (e.g. 0.2L p ) behaves like a rigid rod and energy will be required to bend it. The persistence length of a random dsDNA sequence is $ 50 nm (about 150 base pairs). Thus the L p of DNA is twice the inner diameter of an HBV capsid. This leads to the hypothesis that when fragile hepadnavirus capsids, initially stabilized by flexible ssRNA, mature by reverse transcription they achieve a state that is metastable due to the coiled spring of dsDNA. In comparison, the persistence length of ssRNA is an estimated $ 0.7 nm (two nucleotides) indicating that, though typical ssRNA molecules are heavily base-paired, the single stranded regions are very flexible.
Hepatitis B Virus (HBV), the hepadnavirus archetype, is a DNA virus with an RNA intermediate (Nassal, 2008; Seeger et al., 2007) . In an infected cell, viral RNA is transcribed from nuclear dsDNA, which is associated with viral core protein, though that DNA is not encapsidated (Bock et al., 2001; Levrero et al., 2009 ). HBV assembly is cytoplasmic and begins when the core protein encapsidates a single-stranded mRNA transcript of the viral genome (the pregenomic or pgRNA) complexed with the viral reverse transcriptase and associated host proteins. This yields an RNA-filled icosahedral core. After assembly, while the core resides in the cytoplasm, the RNA is reverse transcribed and the pgRNA digested to yield the partially double-stranded relaxed circular DNA of infectious HBV. It is only after successful reverse transcription that HBV cores are secreted from cells or are cycled to the nucleus, presumably to maintain infection.
The 183-residue HBV core protein (hereafter referred to as Cp183) can be isolated as a stable homodimer where each subunit is comprised of an assembly domain and a 34-residue RNA-binding C-terminal domain (CTD) (Nassal, 1992) . Studies with a purified truncation mutant show that the assembly domain rapidly assembles into empty virus-like particles with predominantly T¼4 icosahedral symmetry. The pairwise association energy between subunits is very weak (ca. À 3.5 kcal/mol) (Ceres and Zlotnick, 2002; Zlotnick et al., 1999) . Studies with purified full-length Cp183 show that it too can assemble into empty particles but also cooperatively binds RNA with high affinity and no specificity . The strong association of Cp183 for RNA is hardly surprising given the þ15 charge of the arginine-rich CTD. Paradoxically, at the other end of the viral lifecycle, HBV cores dissociate to release their dsDNA genome into the nucleus. This process may start in the cytoplasm (Guo et al., 2010) and be completed at a nuclear pore (Rabe et al., 2009) .
During virion assembly, the core protein has high affinity for RNA. In the process of infection, the same protein apparently has a low affinity for the DNA form of its genome. dsDNA-filled HBV must partially expose internal components of the capsid for (i) intracellular signaling (Yeh et al., 1996) and (ii) digestion of the packaged reverse transcriptase (Guo et al., 2010) . Furthermore, after the genome is released in the nucleus, core protein is found associated with host RNA, implying (at least partial) dissociation of the DNA-filled capsid (Rabe et al., 2009) . Why should the association constant of Cp183 for different nucleic acids change so dramatically? In this study we examine assembly of Cp183 on ssDNA and dsDNA substrates and show that the ability of HBV to assemble into a virus-like particle is profoundly influenced by the physical properties of the nucleic acid. The difficulties encountered during assembly on dsDNA suggest that the stability of assembled HBV is similarly compromised.
Results

Binding to ssDNA
Our goal is to identify changes in protein-nucleic acid interactions that would be expected to occur during reverse transcription. To expand on our earlier studies with RNA, we first examined binding of full-length HBV core protein, Cp183, to single-stranded DNA. We used two distinct groups of experiments to examine assembly. Electrophoretic Mobility Shift Assays (EMSAs) are sensitive to formation of large complexes. The other binding assay was based on the fluorescence of etheno-DNA, which is sensitive to local protein-DNA interaction. Assembly products were further characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS). EMSAs also allow direct comparison to our previously published RNA binding experiments which showed Cp183 bound all tested RNAs with high affinity and high cooperativity .
For ssDNA EMSA experiments, we used ssDNA that was about the size of the HBV genomic minus strand, $ 3 kb. ssDNA at a concentration of 15 nM in terms of DNA polymer was titrated with Cp183 at various molar ratios of dimers per DNA polymer. DNA migration was monitored by ETBr fluorescence.
Titrating ssDNA with Cp183 led to capsid formation. As the Cp183:ssDNA ratio increased, the EMSA assay showed disappearance of free ssDNA and appearance of a band that co-migrated with control capsid (Fig. 1A) . At high Cp183 concentrations, additional bands and smearing were observed. We quantified the loss of free ssDNA and appearance of capsid during the titration by measuring the ETBr fluorescence (Fig. 1B) . Up to a ratio of 15:1, fluorescence of the free ssDNA band remained nearly constant. However, by 60:1 Cp183:ssDNA roughly half of the free ssDNA was absent and appeared to shift to a band that had the same relative mobility as RNA-filled capsid ( Fig. 1A and B). The free ssDNA band essentially disappeared between 90:1 and 120:1 Cp183:ssDNA. As there are 120 dimers per T¼4 capsid, this suggests that there can be one to two ssDNA molecules packaged per capsid. Surprisingly, higher Cp183:ssDNA ratios supershift migration of the DNA-associated fluorescence. At these higher ratios, the fluorescence band becomes progressively more diffuse. This effect suggests that higher Cp183 concentrations either inhibit normal capsid formation or that Cp183 simply aggregates on previously formed virus-like particles.
To ascertain that ssDNA-induced assembly of normal capsids we used negative stain TEM to examine particle morphology and DLS to estimate a weighted average of the particle diameter. By TEM we observed numerous virus-like particles, $ 35 nm diameter, at ratios of 30, 60, and 120 dimers per ssDNA. Though the free DNA fluorescence had not noticeably diminished at 30 dimers per ssDNA, micrographs showed complete particles. A few disrupted particles are visible in all of the micrographs; these are typical artifacts of TEM sample preparation with HBV (e.g. ). Particularly at higher Cp183:ssDNA ratios, a large amount of free Cp183 dimer and small aggregates of dimer were evident in the background of micrographs. The absence of half capsids, seen with assembly of the much more fragile Cowpea Chlorotic Mottle Virus, suggests that HBV assembly on ssDNA resembles a two-state reaction (as does assembly of empty HBV capsids (Katen and Zlotnick, 2009 ) and assembly of Cp183 on ssRNA . Surprisingly, by negative stain TEM, the particles assembled with 60 dimers per ssDNA were slightly larger than those formed at 120 dimers per ssDNA (Fig. 1C) . This results suggests that 120-dimer T¼4 capsids were preferred at 60 dimer:ssDNA ratio and 90-dimer T¼3 particles at 120:1, consistent with a theoretical prediction that smaller capsid geometries are preferred at larger stoichiometric ratios (Zandi and van der Schoot, 2009) . Particles formed at 90:1 were a mixture of two sizes. The effect of single stranded nucleic acid on capsid morphology will be investigated in future studies.
DLS was used to describe the bulk state of assembly. DLS estimates of particle size are derived from a diffusion coefficient determined from light scattering fluctuations. Like all light scattering techniques, it is dominated by the largest and most populated species; light scattering intensity is proportional to the weight-averaged molecular weight of all solutes. DLS analysis of the 30:1 dimer to ssDNA sample (Fig. 1D) showed a peak centered at about 30 nm with a mean diameter of 45 nm, suggesting that there was a substantial population of capsids present. Control samples of E. coli-derived RNA-filled capsids had a similar mean diameter by DLS. EMSA (Fig. 1A) indicated the capsid population was relatively small in the 30:1 sample, but clearly they dominated the light scattering signal. The DLS-estimated mean radius increased as the Cp183:ssDNA ratio increased, reaching a maximum mean diameter of 66 nm. The very large diameters and wide peak breadth suggested that some capsids and non-capsid constituents of the solution were aggregating.
The small amount of capsid formed at low Cp183:ssDNA suggested weak binding. However, EMSA detection has limited sensitivity. Therefore, we used fluorescent etheno-DNA to directly examine Cp183 binding of nucleic acid. Etheno-modified ssDNA also eliminates nucleic acid secondary structure that could adversely affect binding. To generate etheno-DNA we used chloroacetaldehyde to modify the same ssDNA used in EMSA titrations. The etheno modification blocks base-pairing potential of adenine and cytosine bases and renders the etheno-adenines fluorescent. Unlike EMSAs, which detect charge and hydrodynamic radius, etheno-DNA fluorescence only detects local changes in the environment of the modified nucleotides and thus reveals even a few interactions per polymer.
Cp183 caused the fluorescence of 6, 12, and 24 nM etheno-DNA polymer to increase about two to 2.5-fold compared to free etheno-DNA (Fig. 2 ). This increase in etheno-DNA fluorescence has been attributed to extending the nucleotide backbone to relieve self-quenching. Contrary to EMSA experiments, etheno-DNA fluorescence increased almost linearly with protein concentration until the fluorescence change was saturated; a subsequent shallow increase in fluorescence is attributable to protein fluorescence and light scatter (data not shown). We performed equivalent experiments at different etheno-DNA concentrations. These titrations all scaled together (normalizing the protein concentration as the ratio of dimers per polymer and normalizing the fluorescent signal with respect to the concentration of etheno-DNA). The fluorescence increase saturated at about 94 dimers per polynucleotide.
The linear rise followed by saturation suggests that Cp183 bound etheno-DNA with high affinity, a stoichiometric titration as defined by von Hippel and co-workers (McGhee and von Hippel, 1974) . The failure of EMSAs to show binding at low Cp183:ssDNA ratios may be due to labile interaction or lower sensitivity of the EMSA assay. Comparison of EMSA and etheno-DNA titrations showed a consistent saturation at about 90 dimers per ssDNA. Similarly, micrographs indicated that Cp183 led to a mixture of 90 dimer T¼3 capsids and 120 dimer T¼4 capsids (Fig. 1C ). Therefore it is likely that these assembly reactions result in a mixture of capsids containing preferably one ssDNA polymer. Interestingly, in titrations of ssRNA by Cp183 we found that T¼4 capsids packaged two 3200-nucleotide RNAs if protein was limiting or one RNA if protein was in excess .
Binding to short dsDNA
Like ssRNA, ssDNA can have a complex tertiary structure with many short double-stranded regions; it can be topologically described as a highly branched polymer. Etheno-DNA lacks all secondary structure and is probably best described as a highly (Abramoff et al., 2004) , showing the disappearance of free ssDNA as a function of protein concentration. As ssDNA appeared a band that co-migrated with free capsid appeared (circles) and reached a maximum as the Cp183:DNA ratio reached about 90. When the Cp183:ssDNA exceeded 100, the capsid band intensity decreased. (C) Micrographs of negative stained ssDNA filled capsids at ratios of 60:1 (left) and 120:1 (right); the scale bar is 50 nm. Free protein in the background is especially visible in the 120:1 Cp183:ssDNA sample. (D) Size distribution of Cp183-DNA complexes, determined by DLS, increases as the Cp183:ssDNA ratio increases from 30:1 to 60:1 to 90:1 to 120:1; the respective centroids of diameters distributions are 45 nm, 58 nm, 62 nm, and 66 nm. The DLS signal of the lowest Cp183:DNA ratio is dominated by particles with a diameter similar to E. coli-expressed RNA filled capsid. flexible linear polymer. By comparison, dsDNA has a 50 nm persistence length, twice the internal diameter of a T¼4 HBV capsid and thus a 25 nm length of DNA will behave like a relatively stiff rod. To study the ability of Cp183 to encapsidate dsDNA, we examined dsDNA molecules that were approximately one fifth, one half, and three-fourths the length of the viral genome (i.e. 600, 1600, and 2700 bp, respectively).
The shortest dsDNA tested (600 bp) was about 200 nm long, much longer than the HBV's diameter. EMSAs of the 600 bp dsDNA titrated with Cp183 had distinct differences from and similarities to ssRNA and ssDNA titrations ( Fig. 3A and B) . In the dsDNA titration, the concentration of free DNA decreases as judged by ETBr fluorescence. Quantification of fluorescence shows no detectable change at low ratios of Cp183 per DNA, indicating that Cp183 did not bind or had little effect on DNA migration (Fig. 3B) . Unlike the EMSA with ssDNA or ssRNA, no unique new band was observed with a similar amount of fluorescence. A welldefined band would suggest a new, well-defined species; its absence suggests heterogeneous assembly. However, with higher Cp183 concentrations, two diffuse bands were observed. One band migrated somewhat faster than an RNA-filled capsid and became progressively slower as the Cp183 concentration was increased. The second band was slower and very broad, somewhat slower than a sample of HBV capsids filled with RNA (rightmost lane). This slow diffuse band became stronger as Cp183 was added (a small amount of unidentified ETBr staining material in the DNA control lane also migrated at this position).
Electron micrographs of Cp183 associated with a 600 bp dsDNA show numerous aberrant structures (Fig. 3C) . Of the complexes that appear to be single particles, most were larger than the typical 35 nm diameter capsid and few if any were complete circles. Most complexes were distorted spirals or interdigitated half circles. Complexes came in a range of sizes, but most were less than 200 nm in the longest dimension.
Micrographs of complexes at Cp183:dsDNA ratios of 60:1 and 120:1 were essentially indistinguishable. Furthermore, images from negative stained micrographs were consistent with DLS, which indicated a weighted average radius of 80 to 90 nm for Cp183:DNA complexes at ratios of 30:1, 60:1, 90:1, and 120:1.
Binding to long dsDNA A longer dsDNA substrate was also examined in detail. A 1600 bp substrate is about half the length of the HBV genome. A 1600 bp double stranded region appears to be a common pause length in reverse transcription (Lewellyn and Loeb, 2007) . EMSAs of titrations of the 1600 bp DNA by Cp183 essentially recapitulate the results shown with the 600 bp substrate (Fig. 4) . As the concentration of Cp183 increased, after a phase with no discernable loss of free DNA, the intensity of the free DNA band decreased (Fig. 4B) . As with the 600 bp DNA, the amount of fluorescence was not conserved. Free 1600-mer migrates slightly slower than the control capsid. There was no evidence for accumulation of virus like particles. Instead, a new, diffuse, slow migrating band did become evident at a ratio of 1 DNA to 45 dimers. As the concentration of Cp183 increased, this band did become slower, brighter, and more diffuse, suggesting it represented a heterogeneous mixture of complexes. Furthermore, at the highest concentrations of Cp183, a noticeable amount of ETBr fluorescence was retained in the well, indicating a very large complex. Quantitation of the free dsDNA band (Fig. 4B) confirmed the lag phase. The loss of free dsDNA fluorescence covered a broader range of Cp183, but this may reflect the number density of Cp183 dimers bound to a longer piece of dsDNA.
TEM and DLS confirmed the EMSA results. TEM showed a heterogeneous mixture of complexes with a small number of individual particles. Some single particles were indeed virus sized ($35 nm). Many of the virus-sized capsids contained a peculiar stain-excluding volume, suggestive of a DNA condensate. Most complexes were comprised of many capsid-fragments. In some cases, these appear to be extended or folded serpentine arrangements of half-capsids. In addition, there were several examples of very large cylindrical structures, 40 to 60 nm in diameter with lengths ranging from about 500 nm, the length of our 1600 bp DNA, to several microns (Fig. 5) . DLS indicates that the dominant species, in terms of number and scattering power, are large complexes of capsids and capsid fragments. As the ratio of dimers per dsDNA increases from 30:1 to 120:1, the centroid of the diameter distribution increases monotonically from 117 to 155 nm, consistent with the gradual retardation of the slow migrating band in the EMSAs. The large size and changing size distribution indicates that high concentrations of Cp183 lead to aggregation or non-covalent crosslinking of complexes rather than packaging one or a small number of dsDNA molecules in a viruslike complex. Assembly on a 2700 bp dsDNA substrate, 75% of the length of the HBV genome was also examined with results essentially identical with experiments using the 1600 bp dsDNA.
Estimation of DNA bending energy
The difficulties of Cp assembly on dsDNA suggest there is an energetic barrier to encapsidating dsDNA. These difficulties imply that the energetic cost for assembling around dsDNA is related, if not equivalent, to the cost of keeping the DNA contained within a capsid. Presumably, this cost causes dsDNA-filled capsids to be less stable than ssDNA-or ssRNA-filled capsids. Therefore, the stability of a DNA-filled capsid (compared to the dissociated compounds) can be represented by Titrations at each concentration were performed in triplicate. Experiments were normalized with respect to the enhancement of fluorescence and the number of Cp183 dimers per 3000 base polynucleotide. As the normalized titrations overlapped, they were averaged together. The absence of concentration dependence indicates high affinity binding (Kowalczykowski et al., 1986) . Heavy lines are overlaid on the data to show the apparent saturation point at about 94 dimers per DNA. Etheno-DNA fluorescence was monitored by excitation at 350 nm and emission at 410 nm. Error bars for each sample are standard deviations based on three independent experiments based on separate etheno-DNA preparations.
where the terms respectively describe the interaction energies of the capsid (nG proteinprotein ), protein-DNA contact (nG proteinDNA ), DNA-DNA contact (nG DNADNA ), and the cost of DNA bending (nG bend ).
Eq.
(1) has important implications. Consider the stability of an intact DNA-filled capsid and one that is disrupted but the capsid proteins remain associated with the DNA: to a first approximation, the value for nG proteinDNA will be about the same, however the stabilizing protein-protein interactions are lost as are the destabilizing nG DNADNA and nG bend . Therefore, the stability of an intact DNA-filled capsid is a balance between nG proteinprotein and nG DNADNA þnG bend .
As nG proteinprotein for empty capsids has been estimated experimentally (Ceres and Zlotnick, 2002; Katen and Zlotnick, 2009) , we must determine nG DNADNA and nG bend to examine how dsDNA could affect an assembled HBV core. For this calculation, the DNA conformation is approximated as a spool of hexagonally packed DNA. The spool outer radius is bounded by the capsid (R out ), the inner radius is R, and the spacing between strands is d s (Eq. (2)). While there is little information about the conformation of DNA inside HBV (reconstructions show only a small fraction of DNA and that density is icosahedrally averaged (Dryden et al., 2002) ), the spooled conformation represents one possible energetic minimum. A spool is also consistent with images of DNA inside bacteriophages (Cerritelli et al., 1997; Chang et al., 2006; Petrov et al., 2007) . Importantly, the results of our calculation are general and not sensitive to the details of the DNAs conformation (Purohit et al., 2005) .
To determine the energy of packaging the DNA it is necessary to find the conformation of the DNA spool (i.e. R and d s ) where the total free energy is a minimum. For a given length of DNA (L) and R out , R and d s are directly related by the spool geometry (Eq. (2), Methods); as d s is increased the inner radius necessarily becomes smaller. Thus increasing d s makes nG DNADNA smaller and less destabilizing while the smaller R increases nG bend . Equivalent methods for estimating encapsidation free energy have been proposed (Purohit et al., 2003; Tzlil et al., 2003) . To optimize DNA geometry, we follow the formalism of Purohit et al. to estimate DNA bending energy (nG bend ) and DNA-DNA repulsion (nG DNADNA ), equations (3) and (4), respectively (Purohit et al., 2005) . The DNA-DNA repulsion is empirically parameterized based on a strand-strand force parameter (F 0 ) ( (Rau and Parsegian, 1992 ) see methods); we typically use F 0 ¼2.3 Â 10 5 pN/nm 2 , consistent with empirical measurements of DNA packaging in bacteriophage phi29 (Purohit et al., 2005) ; HBV and phi29 have similar fractions of their internal volume packed with dsDNA (Purohit et al., 2005) . We add a third term accounting for the protein-DNA interaction (nG proteinDNA ). Thus, the optimal inter-strand spacing d s is determined by minimizing the total encapsidation free energy, nG tot ¼nG bend þnG DNADNA þ nG proteinDNA (see Methods). These calculations show that DNA bending and DNA-DNA repulsion make large disruptive contributions to the stability of DNA-filled cores. we obtain d s ¼ 2.89 nm (Fig. 6A) , which corresponds to a spool inner radius of R¼2.05 nm. The calculated bending and DNA-DNA interaction free energies are then nG bend ¼507 kcal/mol (818 k B T) and nG DNADNA ¼1218 kcal/mol (Fig. 6C) . The large value of nG bend reflects that fact that the DNA in the center of the spool is very strained; however larger values of R are disfavored by the interaction energy nG DNADNA . We find that these optimal values depend only weakly on the strength of the protein-DNA interaction, justifying the simplified description used in the calculation. At F 0 ¼2.3 Â 10 5 pN/nm 2 , the sum nG bend þnG DNADNA is nearly constant with respect to s (Fig. 6B) . At a smaller value of F 0 , as might be found at high ionic strength, the optimal inter-strand spacing is more sensitive to surface charge (Fig. 6A ) but the qualitative conclusion that bending and DNA-DNA interaction are substantial and destabilizing remains the same: DNA is a relatively stiff polymer that has the potential to distort a capsid. We also examined a more complicated version of the model that separately considered inter-strand spacings for the layer next to the capsid surface and within the interior of the capsid. The predicted bending and interaction energies are qualitatively similar to those of the simpler single parameter model discussed above.
Discussion
In vivo, HBV cores assemble on pregenomic ssRNA. But as that RNA pregenome is reverse transcribed within the capsid, the capsid must be able to accommodate and restrain first ssDNA and then dsDNA (Seeger et al., 2007) . In vitro we observed that HBV Cp assembles aggressively on ssRNA and ssDNA ( Figs. 1 and 2 ), but does not assemble well on a dsDNA substrate (Figs. 3 and 4) . HBV has evolved a strategy of assembling on a flexible but noninfectious precursor. RNA-filled HBV particles, either from E. coli or assembled in vitro, are tremendously stable due to the mixture of protein-protein and protein-RNA interactions, under conditions where empty capsids are marginally stable . Failure of HBV to efficiently assemble on dsDNA (dsDNA-filled particles were not detectable by bulk measurements though a few were evident in EM (Figs. 3-5) ) suggested that the bending energy of the nucleic acid is similar to the average interaction free energy of an incoming core protein dimer for the growing capsid.
We anticipated that ssDNA-binding would resemble ssRNAbinding, which exhibits high affinity and high cooperativity . Indeed, TEM showed only complete capsids whereas partial capsids would be expected with low cooperativity binding, as observed in titrations of RNA by Cowpea Chlorotic Mottle Virus (CCMV) (Johnson et al., 2004) . EMSA titrations of ssDNA resulted in a bimodal distribution of free and bound DNA, diagnostic for cooperative binding (compare Figs. 1-5 in reference ). Solution experiments with etheno-DNA unambiguously indicated that Cp183 has a high affinity for ssDNA (Fig. 2) . The linear increase in fluorescence up to the point of saturation is characteristic of stoichiometric binding (Kowalczykowski et al., 1986; McGhee and von Hippel, 1974) , which is to say that added protein bound quantitatively and cooperatively to ssDNA.
Unlike ssRNA and ssDNA, dsDNA did not support assembly of uniform HBV capsids. Assembly products were pleiomorphic. The most common products of reaction of Cp183 with a dsDNA substrate, based on EMSA, DLS, and TEM, were strings of capsid fragments (Figs. 3-5) . In dsDNA reactions, capsids with apparently normal morphology were relatively rare species, visualized in micrographs but not identifiable by EMSA. We also observed DNA condensates, very large cylindrical nucleoprotein complexes greater in diameter than a capsid and up to several microns long (Fig. 5) . The heterogeneity of assembly products is likely to have a kinetic basis; each of the three states (capsids, aberrant complexes, and DNA condensates) represents an energy minimum too stable to dissociate in favor of the supramolecular complex(es) at the global minimum.
The comparison between capsid stability and the energy of packaged dsDNA (nG bend þnG DNADNA ) suggests that dsDNA may drastically affect capsid behavior. Capsid protein interaction energy (from assembly studies) sums to approximately À 740 kcal/mol per capsid (Ceres and Zlotnick, 2002) ; this value includes only the contributions of the assembly domain. DNA bending requires an estimated þ507 kcal/mol (Fig. 6B ) while DNA-DNA interaction is þ1218 kcal/mol. Even taking the calculated values as crude overestimates, it is clear that packaging DNA is destabilizing, perhaps to the point that capsids are metastable and only persist due to hysteresis (Hagan and Chandler, 2006; Singh and Zlotnick, 2003) . Of course there is a strong electrostatic attraction between Cp183 and DNA, but this will be present whether the protein is an assembled capsid or a poorly organized network of dimers. The analogy to a jack-in-the-box seems appropriate: the difficulty in assembly, the perturbation of capsid stability, and the apparent similarity between association energy and DNA bending leads to the speculation that capsid strain from packaged dsDNA, particularly if distributed unevenly, can act as a coiled spring to facilitate virus uncoating.
These in vitro studies also provide insight to the process of assembly. The strings of partial capsids call to mind coarsegrained molecular dynamics simulations of polymer packaging during virus assembly (Elrad and Hagan, 2010) . The simulations were able to generate linked polymers of partial capsids, resembling the micrographs in Figs. 3-5 when (i) strong subunitsubunit interactions were combined with high subunit concentrations leading to multiple nucleation events on a single polymer or (ii) when the polymer molecule was too long to be packaged. Oligomers of capsids were also generated when CCMV capsid protein was assembled on RNA much longer than a normal genome. The CCMV complexes, assembled on a much more (Purohit, Kondev, and Phillips, 2003) with blue circles; for comparison, the predicted inter-strand spacing values are shown for a smaller interaction energy F 0 ¼1 Â 10 5 pN/nm 2 with red x symbols.
(B) Calculated values of the destabilization energy (DG bend þ DG DNADNA ), (Eqs.
(2) and (3)) for flexible substrate, appeared as pairs and trios of morphologically normal capsids (Cadena-Nava et al., 2012) . In these previous investigations the length of the polymer impeded formation of capsids. Here we see that a stiff polymer can have a similar effect on assembly.
Cylindrical DNA condensates induced by HBV Cp183 (Fig. 5 ) are most common when there is excess DNA, r60 capsid protein dimers:DNA. Very similar complexes were also observed at low protein:DNA ratios with CCMV (Mukherjee et al., 2006) and SV40 (Mukherjee et al., 2010) . Cylindrical DNA condensates of this sort suggest a roughly parallel arrangement of DNA molecules (Bloomfield, 1996) reminiscent of DNA condensates formed in solution by polyvalent cations and within bacteriophages (with or without added cations) (Black et al., 1985; Cerritelli et al., 1997; Fujiyoshi et al., 1982; Hud and Downing, 2001; Tang et al., 2011) .
HBV is a DNA virus with an RNA intermediate. ssRNA is demonstrably an excellent substrate for assembly ; here we show that dsDNA is not. Capsid assembly is most successful when intersubunit contacts are weak (Katen et al., 2010) , whereas relatively substantial interactions are needed to constrain dsDNA-a rationale for why the lifecycles of most dsDNA viruses depend on pumping dsDNA into preformed, maturation-stabilized capsids (Conway et al., 2001; Fane and Prevelige, 2003; Ross et al., 2006) .
Our observations may explain why free Cp183 does not assemble on DNA. This is an important point because nuclear Cp183 is localized to the episomal dsDNA form of the HBV genome, where it alters histone spacing, indicating a biological role for core protein-host protein-DNA interaction (Bock et al., 2001; Levrero et al., 2009) .
In the context of the virion, the bending energy of packaged dsDNA may destabilize capsids to the degree that a kinetic barrier to dissociation is all that prevents them from dissociating (Hagan and Chandler, 2006; Singh and Zlotnick, 2003) . At the very least, internal strain may affect capsid breathing (Hilmer et al., 2008) . Breathing may also increase accessibility of the internal reverse transcriptase to external proteases (Guo et al., 2007) . The concept of internal strain in HBV leads to the very attractive hypothesis that DNA formation modulates capsid stability and frees a subset of CTDs from tight interaction with the viral genome. CTDs incorporate signals for intracellular trafficking (Kann et al., 2007; Liao and Ou, 1995) ; this reorganization of the genome would allow CTDs to be transiently exposed (due to breathing or by protruding through holes perforating the HBV surface (Chen et al., 2011) ) to advance a HBV core to the next stages in the viral lifecycle.
Materials and methods
Nucleic acids
A 3000 nucleotide M13-derived ssDNA was produced from pBluescript II SK þ with VCS M13 helper phage virus (both from Stratagene). As per the manufacturer's directions, XL1-Blue MRF E coli were transformed with pBluescript II and infected with helper phage. This culture was used to inoculate 25 ml of 2XYT media containing 75 mg/ml ampicillin and 70 mg/ml kanamycin and grown for 24 h. After cells were sedimented by centrifugation at 20,000 Â g for 10 min, phage and phagemid particles were precipitated by addition of 1/5 volume of 20% PEG8000, 1 M NaCl, for 15 min on ice. Phage was sedimented at 20,000 Â g for 10 min, resuspended in 600 ml of TE buffer (10 mM Tris pH 8 and 1 mM EDTA pH 8.0), and then digested by additions of 15 ml of 0.1 mg/ml proteinase K in TE pH 8.0 and 15 ml of 20% SDS and incubated at 65 1C for 15 min. Digested protein was precipitated by addition of 60 ml of 5 M potassium acetate on ice for 10 min followed by centrifugation for 15 min at 8000 Â g. ssDNA was then ethanol precipitated from the supernatant. The ssDNA concentration was determined by absorbance using an extinction coefficient of e 260 ¼8700 (M cm) À 1 per nucleotide. For dsDNA, e 260 ¼7000 (M cm) À 1 . Fluorescent etheno-DNA was prepared from ssDNA as described previously (Zlotnick et al., 1993) . Briefly, 0.4 mM ssDNA (as nucleotide) in 50 mM NaOAc pH 5.5, 1 mM EDTA was mixed with 1/6 volume of chloroacetaldehyde for 90 min at 45 1C. The reaction was quenched by adding 1/3 volume of 1.5 M Tris pH 8.8. Using an Amicon ultra 30 K centrifugal filter, the sample was concentrated as needed and washed 4 times with 2 ml of 20 mM Tris HCl pH 7.0 to remove the chloroacetaldehyde. The UV absorbance was measured at 245 nm, 260 nm, 270 nm, 280 nm and 290 nm. The sample was characterized by measuring the absorbance ratios of A260/245¼1.25, A260/270¼1.06, A260/ 280¼1.3, A260/290¼2.1. The etheno-DNA concentration was determined using an extinction coefficient of e 260 ¼7000 (M cm) À 1 per nucleotide. The 1600 bp and 600 bp dsDNA were produced from plasmid DNA by PCR using appropriate 5 0 and 3 0 primers. After the PCR amplification the DNA was purified by extraction from a 1% agarose gel using a Qiagen QIAquick Gel Extraction kit.
Preparation and assembly of Cp183
Dimeric, full-length HBV core protein, Cp183, was prepared as previously described except that the buffer used for disassembly was 1.5 M guanidine HCl, 1.5 M LiCl, 50 mM Tris pH 7.5, 10 mM DTT and the buffer used for column chromatography was 1.5 M guanidine HCl, 0.5 M LiCl, 50 mM Tris pH 7.5. Cp183 concentration was determined by absorbance using an e 280 ¼60,900 (M cm) À 1 per dimer.
Binding assays
For electrophoretic mobility shift assays (EMSAs), Cp183 dimer was added to 150 ng of dsDNA or ssDNA; this yielded similar fluorescence in all experiments. In each reaction, the final conditions were 375 mM guanidine HCl, 125 mM LiCl, 32.5 mM HEPES pH 7.5. Under these conditions, reassembly on RNA was quantitative at 4 1C and 20 1C . DNA standards and E. coli-derived Cp183 capsids were adjusted to these buffer conditions. After 15 min incubation on ice, the samples were loaded into 0.6% or 1% agarose gels in Tris-acetate-EDTA (TAE) with 0.0001% ethidium bromide (ETBr) in both gel and running buffer. ETBr improved separation of free DNA from DNA associated into capsids DNA gels were run at constant voltage (80 V for dsDNA, 70 V for ssDNA) for 1.5 to 2 h.
Binding to etheno-DNA was measured by the protein-induced increase in fluorescence. The assembly reactions were set up with the etheno-DNA concentrations of 24 nM, 12 nM and 6 nM. The etheno-DNA concentration was kept constant in each set of reactions. The Cp 183 dimer protein concentration was adjusted in order to get the dimer to etheno-DNA ratios of 0, 15, 30, 45, 60, 90, 120, 180, 240 , and 300. The reactions were incubated on ice for 15 min and 60 ml of the product was used to measure the fluorescence. The fluorescence was measured with a Photon Technology International fluorometer with monochromators set at 310 nm for excitation and 410 nm for emission. All measurements were made at room temperature and using a black masked quartz microcuvette with 0.3 cm path length (Hellma). All experiments were repeated four times on four different days. Samples for Dynamic Light Scattering (DLS) were prepared as for EMSA and kept at 4 1C. DLS was measured using a Malvern Zetasizer.
Electron microscopy
Samples for EMSA were also used for electron microscopy. Capsid samples were applied to glow-discharged, carbon-coated copper grids (EMS) and immediately blotted. Grids were negatively stained with 2% uranyl acetate for 25 s and then blotted dry. Images were obtained at a nominal magnification of Â 50,000 using a JEOL JEM-1010 transmission electron microscope and recorded using a Gatan 4 K X 4 K CCD camera.
Calculations
For the 3200 bp HBV genome the contour length L of the confined DNA is 1090 nm, assuming 0.34 nm per base pair. For the spool geometry we consider (see the main text), the value of the inner radius R is then calculated as a function of inter-strand center-center distance, d s , and L according to (Purohit et al., 2003) LðRÞ ¼ 8p
where the outer radius is the internal radius of the HBV capsid R out ¼12.5 nm and R is the inner radius of the spool. The elastic (bending) energy DG bend is given by
where L p ¼50 nm is the persistence length of DNA, k B is Boltzmann's constant, equivalent to the molar gas constant of 1.987 cal deg À 1 , and the physiologically relevant temperature for HBV, T, is 310 K.
The DNA-DNA interaction energy is calculated assuming a spool of DNA where the strands are hexagonally packed. The DNA-DNA interaction potential for hexagonal arrays was measured as a function of inter-strand spacing (Rau et al., 1984; Rau and Parsegian, 1992) . The total DNA-DNA interaction energy for the spool can be calculated from this empirical potential by Eq. (3) (Purohit et al., 2005; Purohit et al., 2003) DG
where the decay length c is roughly constant over varying conditions but the interstrand force, F 0 , depends on salt concentration and ion type, especially at large values of d s (Purohit et al., 2003; Rau and Parsegian, 1992) . We use c¼0.27 nm (Rau and Parsegian, 1992) and F 0 ¼2.3 Â 10 5 pN/nm 2 , which led to the best fit between the theory and forces in bacteriophages (Purohit et al., 2003) .
Finally, we account for screened electrostatic interactions between charges on the DNA and HBV core protein C-termini under the following approximations. The charges on the Cp183 C-termini are represented as a uniform charge density s smeared on the inner surface of the capsid, and the charge on the DNA as a uniform density r DNA within the region occupied by DNA. We calculate the free energy nG proteinDNA due to electrostatic interactions and entropy of counterions using the linearized Poisson Boltzmann equation. Thus, counterion osmotic pressure effects are included empirically in the DNADNA energy and theoretically in the proteinDNA contact energy. We simplify the calculation by treating r DNA as spherically symmetric and noting that R out bl D where l D ¼1 nm is the Debye length. The DNA-DNA interaction free energy has already been accounted for in G DNADNA , and interactions among the charges on the C-termini are included in the capsid protein-protein interaction free energy. Thus we isolate the interaction free energy due to DNA C-termini 
where l B ¼0.7 nm is the Bjerrum length at which the electrostatic energy between two monovalent ions in water is k B T, N DNA ¼6400 is the number of charges on the DNA, and the C-termini surface charge density is s¼1.83 charges/nm 2 assuming 15 positive charges per C-terminus.
